Draft version December 6, 2010 

Preprint typeset using I^'T^]X style emulatcapj v. 11/10/09 



BLACK HOLES IN BULGELESS GALAXIES: 
AN XMM-NEWTON INVESTIGATION OF NGC 3367 AND NGC 4536 



W. McAlpine^ S. Satyapal\ M 



O 

o 

Q 



< 

o 

6 



> 

m 
oo 

o 



X 



GlIOZZi\ C. C. CHEUNG^ R. M. 
Draft version December 6, 2010 



Sambruna^, Michael Eracleous" 



ABSTRACT 

The vast majority of optically identified active galactic nuclei (AGNs) in the local Universe reside in 
host galaxies with prominent bulges, supporting the hypothesis that black hole formation and growth is 
fundamentally connected to the build-up of galaxy bulges. However, recent mid-infrared spectroscopic 
studies with Spitzer of a sample of optically "normal" late- type galaxies reveal remarkably the presence 
of high-ionization [NeV] lines in several sources, providing strong evidence for AGNs in these galaxies. 
We present follow-up X-ray observations recently obtained with XMM-Newton of two such sources, 
the late-type optically normal galaxies NGC 3367 and NGC 4536. Both sources are detected in 
our observations. Detailed spectral analysis reveals that for both galaxies, the 2-10 keV emission is 
dominated by a power law with an X-ray luminosity in the L2_iokcV ^ 10"^^ - 10"*° ergs s^^ range, 
consistent with low luminosity AGNs. While there is a possibility that X-ray binaries account for 
some fraction of the observed X-ray luminosity, we argue that this fraction is negligible. These 
observations therefore add to the growing evidence that the fraction of late-type galaxies hosting 
AGNs is significantly underestimated using optical observations alone. A comparison of the mid- 
infrared [NeV] luminosity and the X-ray luminosities suggests the presence of an additional highly 
absorbed X-ray source in both galaxies, and that the black hole masses are in the range of 10^ - 10^ 
Mq for NGC 3367 and 10* - 10^ M© for NGC 4536. 

Subject headings: Galaxies: Active — Galaxies: Starbursts — X-rays: Galaxies — Infrared: Galaxies 



1. INTRODUCTION 

The discovery that at the heart of virtually all early- 
type galaxies in the local Universe lies a massive nu- 
clear black hole strongly suggests that black holes play 
a pivotal role in the formation and evolution of galax- 
ies. The well-known correlation between the black hole 
mass, Mrh. and the host galaxy st ellar velocity dis- 
persi on cr* (IGebhardt et all 120001 : iFerrarese fc Merrittl 
I2000D suggests an intimate connection between black 
hole growth and the build-up of galaxy bulges, a con- 
nection that is reinforced by the fact that the vast ma- 
jority of optically-identified active galac tic nuclei (AGN] 
are found in early ty pe hosts (e.g. iHeckmanl Il980t 
IHo. Filippenko. fc Sargen t 1997, henceforth H97). 

However, a number of recent studies have now shown 
that determining if AGNs reside in low-bulge galax- 
ies cannot be defini tively answered with only opti- 
cal observa tions (e.g. Satyapal et al. '2007|, 120081 120091: 
IGhosh et a l. 2008; Desroches fc Ho 2009). The problem 
arises because a putative AGN in a galaxy with a min- 
imal bulge is likely to be energetically weak and deeply 
embedded in the center of a dusty late- type spiral. As 
a result, the optical emission lines can be dominated by 
the emission from star forming regions, severely limiting 
the diagnostic power of optical surveys in determining 
the incidence of AGNs in low-bulge systems. In a recent 
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mid-infrared spectroscopic study with Spitzer of a sam- 
ple of optically "normal" late-type galaxies, we found 
remarkably the presence of high-ionization [NeV] lines 
in a significant number of sources, providing strong ev- 
idence for AGNs in these galaxies, and suggesting that 
the AGN detection rate in late-type (Sbc or later) galax- 
ies is possibly more than 4 times larger t han what opti- 
cal sp ectroscopic studies alone indicate (iSatvapal et al.l 
120081 ). While the detection of a [NeV] line strongly sug- 
gests that these galaxies harbor an AGN, [NeV] emission 
can originate in shock-heate d gas produced by starburst- 
driven winds (|Continilll997l ) . X-ray detection would pro- 
vide corroborating evidence and strengthen the case for 
the presence of an AGN based on the luminosity and 
spectrum of the source. 

X-ray observations arguably represent one of the most 
effective means to confirm the existence of an AGN and 
to investigate the AGN properties since: 1) Unlike the 
IR emission line features that probe lower density gas 
at larger distances from the black hole. X-rays are pro- 
duced (and reprocessed) in the inner hottest nuclear re- 
gions where accretion occurs. 2) The penetrating power 
of (hard) X-rays allows them to carry information from 
the inner core of the galaxy without being significantly 
affected by absorption, and to probe the presence of the 
putative torus (provided that N^i < 10^** cm~^). 3) X- 
rays are far less affected by the host galaxy contamina- 
tion than optical radiation. 4) The hard X-rays (2-10 
keV) can more robustly constrain the bolometric lumi- 
nosity of the AGN. 

In this paper, we present a pilot study with XMM- 
Newton observations of NGC 3367 (D =43.6Mpc) (iTuUyl 
[1988) and NGC 4536 (D=17.7Mpc) ()Saha et al.l [20061) 
which are two of the late- type galaxies in our Spitzer sam- 
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pie (|Satvapal et alj [20081 ) showing robust evidence for a 
[NeV] line. The distance of NGC 4536 determined by use 
of Cepheids, is significantly higher than reported by lTullvl 
11988), yielding larger luminosities in all bands which are 
more consistent with an AGN. Among the galaxies with 
[NeV] detections, these 2 galaxies have optical spectra 
in the extreme Hll-region range, indicating that there is 
absolutely no hint of an AGN based on their optical spec- 
tra. Both galaxies are isolated very low bulge systems; 
deep HST imaging of NGC 4536 for example, shows no 
evidence for a classical bulge but instead reveals a surface 
brightness profile consis tent with a ps eudo-bulge that ex- 
hibits spiral structure (jFisheii r2006aD . The presence of 
AGNs in these systems is indeed highly surprising. 

2. OBSERVATIONS AND DATA REDUCTION PROCEDURE 

We observed our 2 targets with XMM-Newton in June, 
2008. The nominal durations range between 27 and 34 
ks (NGC 3367- MOS: 34ks, PN: 32ks; NG C 4536 - MPS: 
28ks. PN: 27ks). Al l of th e EPIC cameras (jStriider et al.l 
I2001t [Turner et all |2001[ ) were operated in full-frame 
mode with the medium filter because of the presence of 
bright nearby sources in the field of view. As a precau- 
tion, for NGC 3367 and NGC 4536 the MOS cameras 
were operated in small window mode to prevent photon 
pile-up. The recorded events were screened to remove 
known hot pixels and other data flagged as bad; only 
data with FLAG=0 were used. 

The data were processed using the latest CCD gain 
values. For the temporal and spectral analysis, events 
corresponding to pattern 0-12 (singles, doubles, triples, 
and quadruples) in the MOS cameras and 0-4 (sin- 
gles and doubles only, since the pn pixels are larger) 
in the pn camera were accepted. Arf and rmf files 
were created with the XMM-Newton Science Analysis 
Software (SAS) 7.1. Investigation of the full-field light 
curves revealed the presence of several background flares 
for NGC 3367 and NGC 4536. These time intervals 
were excluded, reducing the effective total exposures 
time to the values reported in Table 1. The nuclear 
X-ray sources in NGC 3367 and NGC 4536 are well- 
separated from other field X-ray sources in the X-ray 
images (Figure 1) and extraction radii used for source 
spectra and light curves are 30" in both cases. For ref- 
erence, 10" correspond to 2.11 kpc for NGC 3367, and 
0.89 kpc for NGC 4536. The derived X-ray positions 
for the central sources are 10h46m35s -|-13d44m59s and 
12h34m27s +02dllml6s for NGC 3367 and NGC 4536 
respectively. These positions are consistent with the 
positions of the optical nuclei taken from NED based 
on SDSS images (10h46m34.954s -Kl3d45m03.09s and 
12h34m27.050s -t-02dllnil7.29s for NGC 3367 and NGC 
4536 respectively). There are also off nuclear X-ray 
sources seen in Figure 1 which are not investigated in 
this paper. Background spectra and light curves were 
extracted from source-free circular regions on the same 
chip as the source, with extraction radii '^2 times larger 
than those used for the source. There are no signs of 
pile-up in the pn or MOS cameras according to the SAS 
task epatplot. The RGS data have signal-to-noise ratio 
(S/N) that is too low for a meaningful analysis. 

The observation log with dates of the observations, 
EPIC net exposures, and the average count rates are re- 
ported in Table 1. 



Table 1: Observation Log 



Source 


Date 
[dd/mm/yyyy] 


PN exposure 

[ks] 


PN rate 


NGC 3367 


06/16/2008 


17.8 


0.100 ± 0.003 


NGC 4536 


06/17/2008 


14.4 


0.008 ± 0.003 




Fig. 1.— Images of NGC 3367 (top) and NG C 4536 (bottom) 
from GALEX in the near-ultraviolet (left; from [Hil de Paz et al.l 
H2007I )) and smoothed XMM in the 0.3-2 keV energy range (right). 
Both panels show the smoothed XMM 2-10 keV image overlaid 
as contours with levels starting at 0.25 counts (smoothed), incre- 
mented in 0.25 steps. The smoothing of the XMM images used a 
Gaussian with kernel of radius = 4.8" (3 pixels). 

The spectral analysis was 
XSPEC V . 12 . 3 . 1 software package 



perforr ned using the 
(|Arnaudl Il996l : 



iDorman fc Arnaudl l2001'). The EPIC data have been re- 
binned in order to contain at least 20 counts per channel, 
depending on the brightness of the source. The errors on 
spectral parameters are at 90% confidence level for one 
interesting parameter (Ax^ = 2.71). 

3. RESULTS 

3.1. X-Ray Spectral Analysis 

We fitted the EPIC spectral data in the 0.3 - 10 keV 
range. To analyze the spectral data we first attempted 
to find the best-fit model for the pn data, which would 
then be applied to the MOSl and M0S2 data. For NGC 
3367 we fitted the data with a simple power law with 
galactic absorption which did not provide an acceptable 
fit. Positive residuals at low energy suggest the addition 
of a thermal component which provided an acceptable fit 
with a Xred — 1-34 for 88 degrees of freedom. Allowing 
the column density to vary or adding additional absorp- 
tion components did not improve the fit. Therefore we 
determined that the best-fit model shown in Figure 2 was 
produced by a power law with an added thermal compo- 
nent. The model provided a kT value of 0.64 ± 0.03 keV 
for the thermal component and a photon index value of 
2.15 ± 0.08. Applying this model to the pn, MOSl, and 
M0S2 data resulted in a good fit with a xled — 1-25 
for 140 degrees of freedom. A summary of the results is 
shown in Table 2. 
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Table 2: Best Fit Model Results for PN Data 



Name 


Power Law 


Thermal 


Intrinsic 


0.3-2 keV 


2-10 keV 


%LpL 


X'.d(dof) 




Photon Index 


Component kT 


Nh 


Luminosity 


Luminosity 


2-10 kcV 








(koV) 


10" cm-^ 


lO""* ergs s"^ 


10*° ergs s-i 






NGC 3367 


2.15 ± 0.08 


0.64 ± 0.03 




3.3 


2.0 


98 


1.34(88) 


NGC 4536 


2.3 ± 0.3 


0.58 ± 0.03 


1.1 ± 0.4 


1.7 


0.5 


98 


1.23(69) 



0.1 
0.01 

10-' 

3 
2 
1 





0.01 



0.5 




Energy (keV) 



Energy (keV) 



Fig. 2. — Best fit models and data-to-modcl ratios obtained by fitting the EPIC pn spectra in the 0.3-10 keV energy range. Both models 
include a best-fit power law plus a thermal component and are absorbed by Galactic N//. NGC 4536 requires additional intrinsic absorption. 



We then determined the contribution of the compo- 
nents to the overaU flux by evaluating each component 
separately. Removing the power-law component and 
leaving the thermal component gave fluxes of 6.3 x 10"^'* 
and 1.7 x 10~^^ ergs cm~^ for the 0.3-2 keV and the 
2-10 keV ranges respectively. Restoring the power-law 
component and removing the thermal component gave 
fluxes of 6.0 X 10^"^'' and 9.1 x 10"^** ergs cm~'^ s~^ for the 
0.3-2 keV and the 2-10 keV ranges respectively. From 
these values it can be determined that the power-law 
component dominates in the 2-10 keV energy range with 
98% of the luminosity. 

For NGC 4536 we again fitted the data with a simple 
power law with galactic absorption which also did not re- 
sult in an acceptable fit. As before, we then added a ther- 
mal component, which resulted in an acceptable fit with 
a xled — ^■^'^ '^^ degrees of freedom. Next we added 
an absorber at the position of the source, which further 
improved the fit to a Xred — -'^•23 for 69 degrees of free- 
dom. The best-fit model included a thermal component 
with a kT value of 0.58±0.03 keV, a photon index value of 
2.30±0.26, and an absorber with = (1.14±0.4) x lO^i 
cm~2. Applying this model to the pn, MOSl, and M0S2 
data resulted in a reasonably good fit with a xled = 1-24 
for 106 degrees of freedom. 

Lastly we determined the contribution of the different 
components to the overall flux. Removing the power- 
law component and leaving the thermal component gave 
fluxes of 5.5 x lO"^** and 1.7x 10~^^ ergs cm~^ s~^ for the 
0.3-2 keV and the 2-10 keV ranges respectively. Restor- 
ing the power-law component and removing the thermal 

- ergs 



component gave fluxes of 6.1 X 10 and 6.0x10 



cm s for the 0.3-2 keV and the 2-10 keV ranges re- 



spectively. From these values we again determined that 
the power-law component dominates in the 2-10 keV 
range with 98% of the luminosity. 

3.2. X-Ray Temporal Analysis 

Since in general the X-ray variability is one of the defin- 
ing properties of AGNs, it is important to investigate the 
temporal properties of NGC 3367 and NGC 4536. We 
studied the short-term variability of both sources using 
EPIC pn data with time-bins of 1000 s. Figure 3 shows 
the EPIC time series in the 0.3-10 keV band. A visual in- 
spection of Figure 3 reveals that the average count rate 
of NGC 3367 is smaller than the one of NGC 4536 by 
a factor of ^10, and suggests that low-amplitude flux 
changes might be present in both light curves. However, 
a formal analysis based on a test indicates that there 
is statistically significant variability only in NGC 4536 
{P^2 ~ 9%), while no significant variability {P^2 ~ 83%) 
is detected in NGC 3367. 

3.3. UV - Optical Data 

The OM allows us to simultaneously investigate the 
optical-UV properties of NGC 3367 and NGC 4536. In 
the case of these galaxies, the AGN is of low luminosity 
and furthermore obscured in the optical. It is thus likely 
that the optical-UV emission is dominated by star forma- 
tion in the host galaxy in addition to being attenuated by 
dust. Nonetheless, we compare the UV- X-ray properties 
of NGC 3367 and NGC 4536 to optically identified more 
powerful AGNs to see if they are similar. In particular, 
we can compare the broadband spectral index aox be- 
tween our galaxies and optically identified AGNs. Using 
a sample of 333 optically selected Seyferts, iSteffen et alj 
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Fig. 3.— XMM-Newton EPIC light curves for NGC 3367 and NGC 4536. The time bin is 1000 s. 



([2006') found that the broadband spectral index aox are 
highly correlated with the UV monochromatic luminos- 
ity. For our sample, we apply the same approach by 
computing the spectral index, aox = ^'^&(^2500A^^'^'"^^^^ 
log{iy^^^^2^/v2kev) (jTananbaum et all 119791 ) . where li, is 

the monochromatic luminosity in units of erg s^^ Hz^^. 
This is then plotted against the UV monochromatic lu- 
minosity. The 2500 A flux is obtained by converting the 
flux measured in the UVM2 band (2310 A) assuming a 
typical slope of 0.7 {fi, oc Different extinction 

prescriptions were tested to account for the reddening 
in the UV band; the Small Magellanic Cloud extinction 
law was finally use d for NGC 3367 and NGC 4536 (see 
IGliozzi et all [2001 for details). E(B-V) values of 0.029 
mag and 0.018 mag were used for NGC 3367 and NGC 
4536 respectively. 

The observed magnitudes for NGC 3367 and NGC 4536 
are 14.3 and 15.2 respectively. The extinction corrected 
fluxes in the UVM2 band are 1935 /iJy and 770 /iJy for 
NGC 3367 and NGC 4536 respectively. The fluxes at 
2500 A are 2046 /xJy and 814 ^Jy for NGC 3367 and 
NGC 4536 respectively. 

The values of aox for our sample are shown su- 
perimposed to_tlie best-fit linear regression found by 
ISteffen et all ([20061) in Fi gure 4. As can be seen from 
the figure, NGC 3367 and NGC 4536 are clear outliers to 
the relation and are underluminous in the X-ray as com- 
pared to the sample of Seyferts. A possible explanation 
for this discrepancy may be that optical and UV emis- 
sion is dominated by star formation. This is reinforced 
by the fact that these objects are optically classified as 
H II galaxies, suggestive of nuclear star formation. 

4. PREVIOUS OBSERVATIONS OF NGC 3367 AND NGC 

4536 

NGC 3367 is an is olated face-on Sc barred galaxy 
(jde Vaucouleurs et al.l [1976 ) that is optically classified 
as an HII galaxy (H97). Although optically there is 
no hint of an AGN, radio observations reveal a bipolar 
synchrotron outflow fro m an unresolved compact nu cleus 
with a diameter <65 pc fCarcia- Barreto et al.ll2002f) . and 
the possibility of two lo bes straddling the nucleus a nd ex- 
tending up to 12 kpc (jGarcia-Barreto et al.lll998l) . As- 
suming a spectral index in the range of, a = — 0.7, 
we estimate a 5 GHz flux for the nucleus of 1.0 to 1.4 
mJy based on the VLA 8. 4 GHz measurement of 0.96 
™Jy at ^0-3" resolution bv lGarcia-Barreto et al., (2002. ). 




NGC 3367 



27.0 29.5 
log 1(2500 A) [erg s"' Hz" 



FlG. 4. — oiQx plotted versus 2500 A monochromatic luminosity. 
The solid line corresponds to the best-fit relation derived by Steffen 
et al. (2006) and the dashed fines account for the uncertainties in 
the fit. 



The higher spectral index assumed is that measured for 
the core at matched lo wer resolution (4.5") b etwee n 1.4 
GHz (as published in iGarcia-Barreto et al.l (|1998f ) and 
8.5 GHz, the latter being newly determined from our 
analysis of an archival VLA dataset (program AK550). 
However this spectral measurement may be dominated 
by diffuse emission surrounding t he cor e as seen in the 
maps from IGarcia-Barreto et al.l (jl998[) . In a study of 
M81, ano ther low luminosity AGN, a = 0-0.3 has been 
observed (jMarkoff et al.ll2008D . The c entral stellar ve loc- 
ity dispersion is 61.2 ± 10.1 km s'^ (|Ho et al.ll20"09[ ). 

In the MIR Spitzer observation of NGC 3367 the 
NeV] lines at 14.3 /Ltm and 24.3 /im were detected 
Satvapal et al.|[2008[ ). The detected fluxes of these lines 
were 1.2 ± 0.3 and 0.93 ± 0.24 lO'^^W cm'^ respec- 
tively. The aperture from which the [NeV] 14.3 m line 
was detected corresponds to a projected size of '^1 x 
2.4 kpc. Photoionization models of mid-infrared fine- 
structure line fluxes suggests that about 10 to 30 percent 
of the total bolometric luminosity of the galaxy may at- 
tributed to the AGN. 

NGC 4536 is a barre d late-type spiral SABbc 
(|de Vaucouleurs et al .11 19761 ) optically classified as an HII 
galaxy (H97). HST imaging shows no evidence of a clas- 
sical bulge, but has a surface brightness profile consis- 
tent with a pseudo-bulge that appears to exhibit spiral 
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structure (|Fisheiil2006bl ). To the best of our knowledge, 
the only hint of an AGN in the optical is the optical 
line ratios from Space Telescope Imaging Spectrograph 
spectroscopy that s uggest the presence of a weak AGN 
(jHughes et all l2005| ) . There is evidence of star forma- 
tion in the ce ntral ~ 20 " x 30 " region with strong 



Br7 emission (iPuxlev et al.|[T988l) and 10.8 /im emission 
(|Telesco et alj 119931) . Also a continuum-subtracted im- 
age of Ha -|- [Nil] emission ()Poggelll989() is suggestive of 
nuclear star formation. The radio emiss ion has a diffuse 
morpho logy with three separate peaks (jVila et al.lll990l : 
ILaine et al.ll2006l ) that may be an annular ring of star for- 
mation around the nucle us. The morpholog y is similar to 
what is seen at 10.8 /Ltm (jTelesco et al. 119931 ) . as well as in 



the 1-0 S(l) molecular hvdrogen line ()Davies et allll997[ ). 
ROSAT High Resolution Imager data revealed two ul- 
tra luminous X-ray sources, one of which may be coin - 
cident with the optical nucleus (jLiu &: Bregmanl l2005D. 
The second ULX is 150" away from the nucleus of the 
galaxy, well outside the 30" aperture radius of the XMM- 
Newton observation. The central region of NGC4536 is 
composed of an extended radio source at arcsecond reso- 
lution ( Vila et al. 1990). From our reanalysis of the VLA 
4.9 GHz map (1. 3" beam; program AD176) published by 
IVila et al.l(fl990l) . we measure a point source upper limit 
of <1.7 mJy for the nucleus based on the observed peak 
surface brightness at the optical center. The centr al stel- 
lar ve locity dispersion is 85 ± 1 km s~^ (fBatchcldor et all 
[2005h . 

The [NeV] 14.3 fj,m line was detected in this galaxy 
from an ~770 x 770 pc regi on, approximately 10 " north- 
east of the optical nucleus (jSatvapal et al.|[2008l ). A flux 
of 0.32 ± 0.09 X 10-21 w cm-2 was detected. [OIV] 26 
/im and [Nelll] 15.5 /im lines were also detected, but were 
concentrated at a location nearer to the optical nucleus 
than the [NeV] emission. Photoionization models of mid- 
infrared fine-structure line fluxes suggests that about 10 
to 30 percent of the total bolometric luminosity of the 
galaxy may attributed to the AGN. 

5. CONTAMINATION BY X-RAY BINARIES 

The 2-10 keV band X-ray luminosity of 2.0 x 10^° ergs 
s-i and 0.9 x lO"*" ergs s'^ for NGC 3367 and NGC 
4536 respectivel y is consistent with low-luminosity AGNs 
(iHo et al.ll200lD. A c ompilation of low-luminosity AGN 
from IHo et all (I2001D. finds X -ray luminosities ranging 
from 10^''— ~ 10^^ ergs s"^ 

While the observed X-ray emission is most likely due to 
the presence of an AGN, there is a possi bility of c o ntam - 
ination due to X-ray binaries (XRBs). iGilfanovl ()2004f ) 
examined the connection between the X-ray luminosity of 
low mass X-ray binaries (LMXBs) and the stellar mass 
of 11 galaxies with no evidence of current star forma- 
tion. An average ratio of Lx/Af* = 8.3 x 10^^ ergs s~^ 
M-^ was found for the 0.3-10 keV luminosity. For NGC 
3367 and NGC 4536, LMXBs would account for approx- 
imately only 5 percent of the observed X-ray luminosity 
according to this ratio. 

High mass X-ray binaries (HMXBs) however may ac- 
count for significantly higher portion of the observed lu- 
minosity since both galaxies show emission lines consis- 
tent with ongoing star formation. iColbert et al.l (|2004D 
used a sample of 32 spiral, elliptical, and irregular galax- 



ies, with 1441 X-ray point sources detected by Chandra 
to study the relation between the X-ray emission (0.3-8 
keV) from these point sources and the properties of the 
galaxy. They related the X-ray point source luminos- 
ity, assumed to be mostly from black hole HMXBs and 
ULXs, to K-band luminosity and the FIR-UV luminos- 
ity. Using the K-band luminosity to determine the stellar 
mass and the FIR-UV luminosity to determine the star 
formation rate (SFR) they found a linear relationship be- 
tween X-ray luminosity, stellar mass, and the SFR of a 
galaxy. Using this relation, we estimated the luminosity 
expected from X-ray sources other than an AGN. SFRs 
for NGC 3367 and NGC 4536 were estimated using the 
extinction-corrected UV lumin osities calc u lated earlier, 
and using the formula given in IKennicuttl (fT99l) . With 
SFRs of 0.65 and 0.16 Mq yr"! for NGC 3367 and NGC 
4536 respectively, the relation gives an X-ray luminosity 
from point sources of approximately 10 percent of the ob- 
served luminosity from both NGC 3367 and NGC 4536, 
suggesting that AGN dominates the X-ray luminosity. 

The possible contamination by XRBs may also be 
estimated based on their expected density within the 
area observ e d by the 30" beam of the XMM-Newton. 
iPence et al.l ()2001t ) examined the distribution of X-ray 
point sources within NGC 5457. Using the surface den- 
sity of X-ray point sources in NGC 5457, a rough esti- 
mate of the number of X-ray sources in NGC 3367 and 
NGC 4536 may be determined. They determine the sur- 
face density of X-ray sources as a function of the distance 
from the n ucleus. Assu ming a distance of 6.85 Mpc for 
NGC 5457 (|Saha et al.l 12006). the distance from the nu- 
cleus may be compared with our galaxies. The XMM- 
Newton extraction aperture for NGC 3367 corresponds 
to a radius of 6.3 kpc and is estimated to have a sur- 
face density of 0.29 sources per kpc^. The XMM-Newton 
extraction aperture for NGC 4536 corresponds to a ra- 
dius of 2.6 kpc and is estimated to have a surface density 
of 0.56 sources per kpc^. These values give an expected 
number of sources of approximately 36 and 12 sources for 
NGC 3367 and NGC 4536 respectively. T ypical XRBs 
have luminosities of up to 10^^ ergs (jWhite et al.l 
I1995D . However, assuming all the X-ray sources in NGC 
3367 and NGC 4536 emit at -10^^ ergs s'^ (the highest 
luminosities reached by XRBs in NGC 5457. [Pence et all 
(2001) NGC 3367 would require at least 200 sources and 
NGC 4536 would require at least 90 sources in order 
to account for the observed X-ray emission in the 2-10 
keV band if these sources were exclusively due to XRBs. 
While we assumed a similarity between NGC 5457 and 
our sample that may not exist, the probability of these 
many sources emitting at an average luminosity of 10^^ 
ergs within an area of a few kpc^ is extremely un- 
likely. 

In addition to the lower X-ray luminosities, XRBs are 
expected to be characterized by different SEDs over the 
UV - optical - X-ray range compared to those from AGNs 
(lYuan fc Cuil l2005l By using the [NeV] emission as a 
proxy for UV emission, the ratio of the [NeV] luminosity 
to the X-ray luminosity can be used as a crude indica- 
tor of the SED of the ionizing source. The L[NeV]/Lx 
ratio for NGC 3367 and NGC 4536 is 0.130 and 0.013 
respectively, consis tent with optically identified AGN 
(jCliozzi et al.ll2009l ). The i[i\feV]/-^x ratio will of course 
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depend on a number of parameters including the ion- 
ization parameter and the fraction of the emission due 
to star formation. Moreover there is a large scatter in 
the correlation between [NeV] emission and UV emis- 
sion. However, the similarity between this ratio in NGC 
3367 and NGC 4536 suggests that XRBs alone cannot be 
responsible for both the X-ray and [NeV] line emission in 
NGC 3367 and NGC 4536. Lastly, the X-ray variability 
presented in section 3.2 for NGC 4536 strongly suggests 
that the emission is from a single source. 

We have thus shown that the X-ray luminosities of 
NGC 3367 and NGC 4536 are unlikely to be due to 
XRBs. Furthermore, the detection of the [NeV] line to- 
gether with the high X-ray luminosities, is highly sugges- 
tive of an AGN. 

6. BOLOMETRIC LUMINOSITIES 

An estimation of the bolometric luminosity of the AGN 
may be found using the X-ray and [NeV] luminosities us- 
ing their respective bolometric correction factors. If we 
assume that the X-rays are emitted exclusively by the 
AGN, the X-ray luminosity can be used to estimate the 
bolometric luminosity of the AGN. If we assume that 
the black holes at the center of these galaxies have rela- 
tively low masses given their low bulge masses, then the 
Eddington ratios of t hese galaxie s are l ikely to be high 
(|Greene fc Bd&Mi . ILusso et al.l (pOinh studied 545 X- 
ray selected type 1 AGNs from the XMM-COSMOS sur- 
vey with available black hole masses and bolometric lu- 
minosities estimated using their spectral energy distribu- 
tion. Assuming that these AGNs emit at very high rates 
with Eddington ratios >0 .2 we adopt a me an bolomet- 
ric correction factor of 53 (jLusso et al.ll201Cl[ ). Using this 
bolometric correction factor, the estimated bolometric 
luminosities are logLboi(ergs s~^) = 42.0 and logLboi(ergs 
s-i) = 41.7 for NGC 3367 and NGC 4536, respectively. 

For these galaxies photoionization by a starburst 
is unlikely to give ris e to significant [NeV] emission 
(jAbel fc Satvapa]||2008D . If we assume that the [NeV] 
only arises from the AGN, we can use the relation be- 
tween bolometric luminosity and [NeV] luminosity es- 
tablished in a large sample of more powerful AGNs 
(jSatvapal et al.ll2"007[ ) to estimate the bolometric lumi- 
nosity of the AGNs. The bolometric luminosities are es- 
timated to be logLboi(ergs s^^) = 43.3 and logLboi(ergs 
s-i) = 42.0 for NGC 3367 and NGC 4536, respectively. 
These luminosities are a factor of 20 and 2 higher, respec- 
tively, than the bolometric luminosities estimated using 
the X-ray luminosities. This discrepancy may suggest 
that some of the [NeV] emission originates in shocks. 
However, given the large scatter in the correlations used 
to estimate the bolometric luminosities, any definitive 
conclusions cannot be made about the discrepancy. 

7. BLACK HOLE MASS ESTIMATION METHODS 

Eddington Mass Limits — Using the [NeV] and X-ray 
estimated bolometric luminosities, we can obtain lower 
limits on the mass of the black hole assuming the Ed- 
dington limit. The black hole mass estimates are given 
in Table 3. 

Bulk Motion Comptonization (BMC) Model — One 
possible method to determine the mass in BH systems 
relies on the fact that hard X-rays are produced by the 
Comptonization process in both stellar and supermassive 



Table 3: Black Hole Mass Estimates 

Galaxy log_A/Edd logA/Edd logA/sMC log-A/„ logAffu„d 

[NcV] X-ray 

NGC 3367 >5.19 >3.93 3.85 - 5.40 5.94 6.85 - 6.92 
NGC 4536 >3.91 >3.58 <4.15 6.52 <6.67 



black holes. Specifically, by fitting the X-ray spectra of 
Galactic black holes (GBHs) with the BMC model dur- 
ing their spectral transition, one can derive a universal 
scalable relationship between the photon index F and the 
normalization of the BMC model A^bmc • If one assumes 
that the physics of a black hole system is the same no 
matter the scale and that the bulk of the X-ray emission 
is produced by Comptonization, this technique can be 
used to compare masses of black holes of differing scales. 
Using the known mass and properties of a Galactic black 
hole used as reference, the mass of the black hole in ques- 
tion can be extrapolated. A more detailed description 
of the application of this method to AGNs is given in 
IGliozzi et al.l (j2009l [2OIOI ). The mass estimates obtained 
using this technique vary depending on the uncertainty 
of the BMC spectral parameters and on the GBH used 
as a reference giving a range of values. This mass range 
for NGC3367 and the upper limit mass for NGC4536 is 
compatible with the lower mass limit derived using the 
Eddington limit as can be seen in Table 3. 

M-a Relation — The mass of the central black holes 
can be estimated using the M-cr relation, assuming 
that the relation extends to lower mass ranges. Us- 
ing the ve locity dispersion values of 61.2 ± 10.1 km 
s"^ (iHoet al. 2009) for NGC 3367 and 85 ± 1 km s^^ 
(jBatcheldo r et al. 2005) for NGC 4536 and the M-cr rela- 
tion from TCiiltckin ct al. (2009b), the masses are found 
to be consistent with the lower mass limits derived using 
the Eddington limit, but significantly higher than those 
derived using the BMC model. 

Fundamental Plane — This method of estimating black 
hole mass uses an apparent correlation between X-ray 
lumin osity, 5GHz radio luminosity, and black hole mass. 
iGiiltekin et al.l (|2009af ) recently examined this correla- 
tion, using dynamically-determined black hole masses, 
archival data from Chandra, and 5GHz luminosities from 
the literature for 18 galaxies. Using the X-ray luminos- 
ity from this paper and the 5GHz core radio flux esti- 
mated earlier, mass estimates for our galaxies may be 
determined. The masses estimated with this method are 
consistent with masses implied by the M-cr relation as 
can be seen in Table 3. The relation however comes with 
in intrinsic scatter 0.77 dex, larger than the scatter of 
the M-cr relation, but like the M-cr relation, the scatter 
increases as the mass decreases. The relation is devel- 
oped using higher mass black hole on the order of 10^ 
to 10^ Mq and may not be appropriate for this sam- 
ple if th eir central black holes t ruly have relatively small 
masses. IGiiltekin et al.l (|2009aD explains this scatter with 
the possibility that the relation may not apply to sources 
that accrete at high rates. They also explain that the 
scatter may be skewed by a few outliers. 

We note that the last two methods yield significantly 
larger values for the black hole than the ones obtained 
using the scaling technique based on th e results from the 
BMC fit. However. , Gliozzi et al.i (|2010[) using very high- 
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quality X-ray spectra of the Narrow line Seyfert 1 galaxy 
PKS 0558-504, showed that the value of A'/bh obtained 
with this technique is fully consistent with the other in- 
direct methods. The low values of Mbh derived for NGC 
3367 and NGC 4536 using the scaling technique can be 
reconciled with those derived from the fundamental plane 
and from the M-cr relation if the measured X-ray lumi- 
nosity is substantially underestimated (for example be- 
cause of a significant intrinsic absorption) . This scenario 
is consistent with the as the anomalous optical - X-ray 
spectral index discussed in section 3.3. 

8. SUMMARY AND CONCLUSIONS 

We have analyzed the XMM-Newton observations of 
two late-type galaxies; NGC 3367 and NGC 4536, which 
are believed to harbor AGNs based on the previous de- 
tection of mid-infrared [NcV] line emission. Our main 
results are summarized as follows: 

1. Detailed spectral analysis of the XMM-Newton 
data for these galaxies reveals that the X-ray lumi- 
nosity is dominated by a power law with 2-10 keV 
luminosities of 2.0 x 10^° ergs s'^ for NGC 3367 
and 0.9 x 10'*° ergs s~* for NGC 4536, respectively, 
consistent with low luminosity AGNs. 

2. The possibility that significant X-ray emission may 
be emitted by X-ray binaries was explored. It was 
found that XRBs could be responsible for only a 
small fraction of the X-ray luminosity detected, and 
that the significant [NeV] emission cannot be ex- 
plained by the presence of XRBs alone. 



3. Low-amplitude fiux changes may be present in both 
galaxies, and NGC 4536 shows statistically signif- 
icant variability, providing further evidence of an 
AGN. 

4. A comparison of the black hole mass estimated us- 
ing the BMC model with other methods suggests 
the X-ray source may be absorbed in both galaxies. 
This hypothesis is supported by the steep spectral 
index aox found in both sources. 

5. Estimated black hole masses range of 10^ - 10'' Mq 
for NGC 3367 and 10^ - Iff Mq for NGC 4536. 

We have demonstrated that MIR spectroscopy coupled 
with X-ray observations can more robustly determine the 
presence of an AGN and estimate the black hole mass. 
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